Biophotolysis, the production of hydrogen from water and sunlight by biological catalysts, has been the subject of numerous studies in recent years. Among the systems being developed, heterocystous blue-green algae (cyanobacteria) have been the most intensively investigated (3, 12-17, 20, 23) . Under conditions of N2 limitation, these algae can simultaneously produce oxygen (in vegetative cells) and hydrogen (in heterocysts) (23) . Although there are both advantages and disadvantages to this approach (2, 5) , it is the only biophotolysis system with sustained (up to 4 weeks) catalytic light conversion, having conversion efficiencies of 0.1 to 0.2% outdoors and about 1.5% in the laboratory (12) .
Development of a practical biophotolysis system will require the design of a low-cost culture and H2 collector system, as well as selection of the most suitable strain of algae. Anabaena cylindrica, the alga used in most previous studies, may not be the most appropriate organism for practical biosolar converters where the effects of natural conditions must be considered. One requirement of practical biosolar converters may be the resistance of a particular alga to high temperatures. Because of the lack of evaporative cooling and because of inadequate convective cooling, this would be an important consideration in the operation of a closed biophotolysis system.
Another reason for interest in thermophilic algae is their possible application in a dual converter, combining biophotolysis with water heating. By using specially designed collectors, the heat captured by the algal culture apparatus t Present address: Department of Biochemical Engineering, Faculty of Pharmaceutical Sciences, Osaka University, Osaka, Japan.
could be transferred via heat exchangers for use in processes requiring low-grade heat. Thus, the total solar energy conversion efficiency would be appreciably increased. For the above reasons, H2 production by the thermophilic blue-green alga Mastigocladus laminosus was studied under both natural insolation and artificial light.
In our previous study (17) , temperature effects on growth and nitrogen fixation were investigated, and hydrogen production by this organism was demonstrated. To investigate the environmental factors affecting hydrogen production, experiments on the effects of temperature, light, and the photosystem II inhibitor DCMU [3-(3,4-dichlorophenyl)-1,1 dimethylurea] were carried out. Hydrogen production under outdoor conditions was also demonstrated. The results of these studies indicate that hydrogen consumption activity in these cultures is the present limiting factor on the net rate of hydrogen production. Acetylene reduction assays. Samples (2 ml each) from the algal cultures were injected into 6.9-ml serum-stoppered Fernbach flasks which had been previously flushed with argon. Flasks were vented to atmospheric pressure, preincubated in the light at 45°C for 10 min, and injected with acetylene gas (0.65 ml), after which they were again vented, rendering the gas phase 11% acetylene by volume. Where indicated, H2 gas was injected into the flasks to a concentration of 20% by volume before preincubation. The flasks were then incubated in the light (3.3 x 104 ergs/cm2 per s) at 45°C for 20 min on a reciprocal shaker (Gilson Differential Respirometer, 160 rpm). Although the absolute light intensity of this arrangement was nearly the same as that at the surface of the cultivation vessels, the effective light intensity in the assays was considerably higher, since the light path length was only one-twelfth of the path length through the cultivation vessels. Assays were terminated by the injection of 0.25 ml of 25% trichloroacetic acid solution. The ethylene produced was measured by injection of 100-pl gas samples into a Varian model 3700 In situ acetylene reduction was measured by sparging the cultures with a gas mixture containing 11% acetylene. Gas samples (100 Il each) were withdrawn from the effluent gas tube and assayed as described above. One hour after the gas phase was switched, a steady state of ethylene production was observed.
MATERIALS AND METHODS
Ethylene volumes, together with gas flow rates, were used to calculate in situ acetylene reduction activity.
Hydrogen consumption assays. Culture samples (2 ml each) were injected into 6.9-ml, serum-stoppered Fembach flasks which had been previously flushed with argon. After the flasks were vented to atmospheric pressure, they were preincubated in the light at 45°C for 10 min, then 50 pl of H2 was injected to initiate the assays. At 5 and 25 min after H2 injection, gas samples were withdrawn from assay flasks with a 50-pl gas-tight syringe and injected into a Varian model 3700 gas chromatograph equipped with a thermal conductivity detector and a stainless-steel column (5ft by 1/8 in), packed with molecular sieve 5A. Lighting and shaking conditions were as described in the acetylene reduction assays.
Operation of the outdoor converter. Biophotolysis converters used for outdoor studies were 1-liter capacity glass tubes, 5 cm in diameter, placed at a 650 angle to the horizontal and facing southwest, and maintained at a constant temperature by a doubleglass tube heat exchanger and a recirculating water bath. The cultures were initially grown outdoors on air/CO2 until a density of 0.7 to 1.2 mg/ml was reached.
H2 production was initiated by sparging the cultures with argon/N2/CO2 (98.7, 1.0, and 0.3%, respectively). H2 samples were collected by withdrawing 1.0 ml of gas from the effluent tube of the converter and were quantified by use of a gas chromatograph equipped with a thermal conductivity detector.
RESULTS
Effect of nitrogen supply. Figure 1 shows the typical effects observed when the N2 supply to cultures of M. laminosus was changed. The culture was initially sparged with an argon/C02 gas mixture of fairly high N2 content (0.7%).
During this period, maximum H2 production was observed. However, at the same time, considerable growth occurred (the specific growth rate crepancy is not known; presumably the requirement for a long adaptation period is a consequence of the N2-limited state.
Effects of DCMU and carbon monoxide. The results of the temperature shift experiments described above suggested that increased H2 evolution at elevated temperatures may be due to decreased 02 evolution (and, hence, dissolved 02 concentration) at those temperatures. To establish whether decreasing 02 concentration at the same temperature would also affect H2 evolution, the effect of DCMU, a photosystem II inhibitor, was studied.
DCMU was added to H2-producing cultures at various times after the initiation of N2 limitation. At the early stages of H2 production ( Fig.  4A and B) , DCMU stimulated H2 evolution 100%, and even at the maximum production stage (usually 2 to 3 days after the initiation of N2 limitation), H2 production was stimulated by 50% (Fig. 4C) . Stimulation was much higher during the declining production phase (after 4 days) (Fig. 4D) . In all cases, DCMU stimulation was a relatively short-term phenomenon, with a significant decrease in H2 production after 24 h, indicating that endogenous reductant pools are depleted within that time.
As expected, 02 evolution was drastically decreased at all stages of the H2 production phase by the addition of DCMU. Decreasing the 02 concentration could stimulate nitrogenase activity by eliminating the competition between nitrogenase-and 02-scavenging processes for the reductant (23) . Alternatively, elimination of dissolved 02 would decrease H2 consumption activity which is dependent upon 02 for maximal activity (7, 19, 22) . The latter mechanism appears to be the most important. Acetylene reduction assays consistently gave a several-fold higher nitrogenase activity than did net H2 production (Table 1) , indicating the presence of an uptake hydrogenase. In addition, acetylene reduction activity of the cultures was not affected by short-term treatments with DCMU (Table  1) .
Carbon monoxide inhibits most hydrogenases (18) , including that of A. cylindrica (11), but does not affect H2 production by nitrogenase (3). A culture actively producing H2 after 2 days of N2 limitation was sparged with 11% carbon monoxide (balance argon, N2, C02, 88.1, 0.3, and 0.6%, respectively). This treatment, however, did not stimulate H2 production; instead, a slight inhibition was observed (Fig. 5) . Moreover, addition of DCMU in the presence of CO stimulated net H2 evolution. These data suggest that H2 consumption by this alga is relatively carbon monoxide insensitive. Indeed, H2 consumption activity was only slightly (25%) inhibited by 50% CO (see Table 2 ).
H2 consumption was measured in 6.9-ml Fern- (0) bach flasks with 1% H2 in argon (Table 2) as described above. Under the light intensities used, H2 was consumed. However, DCMUtreated (2 h) samples evolved H2. This is consistent with the stimulation of H2 evolution observed in other experiments (Fig. 4) . With 5% 02 in the gas phase, DCMU-treated samples also consumed H2, but at a lower rate than non-DCMU-treated samples suggesting that this amount of 02, added exogenously, was suboptimal. Thus, the net H2 evolution observed in situ is the result of dynamic balance between H2 evolution (by nitrogenase) and H2 consumption (by an uptake hydrogenase). The presence of 02 shifts this balance towards increased consumption of H2, thereby lowering net H2 evolution.
Outdoor hydrogen production. Figure 6 and Table 3 show H2 production by a culture of M. laminosus NZ-86-m maintained at 33 to 470C in an outdoor biophotolysis converter receiving natural insolation. Daily insolation data were obtained by integrating the output of an Eppley model 848 pyranometer. Average insolation during the period of the experiments was 4.4 x 105 ergs/cm2 per s (or 501 Langleys per day). The photosynthetic efficiency of conversion of incident solar energy to free energy of H2 was 0.17%. At the gas flow rates presently being used (average rate of *.5 liters per h), the effluent gas phase contained about 0.16% H2.
Average rates of H2 production, either per liter of culture (10.0 to 16.3 ml/liter per h) or per milligram (dry wt) (6.4 to 13.2 pl/mg per h) were about 1.5-fold higher than previously obtained in similar experiments with A. cylindrica (12) . However, the daily H2 evolution data were rather erratic due to considerable changes in a An N2-limited culture (2 days) was assayed as a control, with 50% CO; 2 h after DCMU addition, samples from the same culture were assayed with and without 5% 02 in the gas phase. All assays were done under artificial light. Cell density was 0.38 mg/ml. area per h would be produced. The laboratory experiments described here were carried out to elucidate in more detail the causes of low H2 production. It has been speculated that reductant supply to nitrogenase may limit nitrogenase activity in slowly growing ("old") cultures (4) and also in N2-starved cultures (23) of A. cylindrica. With N2-limited cultures of M. laminosus, reductant limitation was not the critical limitation because (i) in the short term, the photosystem II inhibitor, DCMU, did not decrease nitrogenase activity as determined by acetylene reduction (Table  1) , and (ii) acetylene reduction activity of N2-limited cultures of M. laminosus was not enhanced in the presence of 20% H2 in argon. Thus, when the cultures were N2 limited (i.e., supplied with a low, continuous amount of N2), the supply of reductant did not limit H2 production. The response of H2 and 02 evolution to a decrease in light intensity was, however, substantial, indicating that H2 evolution may be limited by ATP produced via photophosphorylation.
Addition of DCMU to N2-limited cultures significantly increased the net H2 evolved, as has been noted for Nostoc muscorum (20) . There are several possible explanations for this effect.
Lowering the 02 tension could increase H2 evolution by relieving 02 inhibition of the nitrogenase reaction. However, 02 inhibition of nitrogenase was not a significant factor, since acetylene reduction activities were not increased by DCMU additions. H2 recycling occurs in A. cylindrica and some other blue-green algae (7) (8) (9) 21) . Thus, DCMU additions may stimulate H2 evolution by directly inhibiting H2 consumption or by limiting (through decreased O2 levels) the oxy-hydrogen reaction catalyzed by hydrogenase. DCMU is probably not directly inhibitory to H2 consumption, since the DCMU effect could be partially relieved by the addition of 02.
We found a large discrepancy between acetylene reduction and net H2 production (Table 1) by M. laminosus which cannot be attributed to differences in light intensities and other variables between the two assays, since in situ acetylene reduction was also fivefold higher than net H2 evolution. (As expected, in situ H2 evolution was inhibited by acetylene, declining to onefourth of the initial value.) It is possible that the low concentration of N2 in the gas phase resulted in part of the photosynthetically produced reductant being consumed in N2 fixation. However, even completely N2-starved cultures showed the same response to DCMU additions, and H2 evolution by these cultures was not higher than that by N2-limited cultures. The discrepancy between acetylene reduction and net H2 production is consistent with the presence of an uptake hydrogenase (Table 2) .
H2 production by N2-limited cultures of A. cylindrica has been previously reported (12, 14, 23) . To compare the H2 consumption activity of this alga with M. laminosus, DCMU was added to H2-producing cultures ofA. cylindrica in similar experiments to the ones given in detail here. In these cultures, DCMU stimulated H2 production by at most 25%, in contrast to the 50 to 250% increase observed with M. laminosus cultures. Also, the ratio of acetylene reduction to H2 production is close to unity in A. cylindrica (23) , whereas this ratio is 5:1 in M. laminosus. Thus, there is a significant difference in the H2 consumption activity of the two algae grown and induced under the same culture conditions. H2 consumption activity may also vary with culture conditions such as algal density, light intensity, and degree of N2 starvation. Thus, under some conditions, A. cylindrica may also exhibit high rates of H2 consumption and, therefore, low net H2 production (6) .
Experiments with a biophotolysis reactor receiving natural insolation resulted in low photosynthetic conversion efficiencies and very variable H2 production, probably because of poor control of operational variables (Fig. 6 and Table  3 ). Some of the occasional decreases in H2 evolution were attributable to algal clumping due to poor mixing (decreased gas flow) or to changes in culture temperature, with lower rates at lower temperatures as confirmed by temperature shift experiments (Fig. 3) . Other variables, such as N2 supply, pH, and algal density affect both the rate and stability of H2 production. However, these variables (except for natural insolation) are subject to better control, and more stable production can be expected. In fact, less variable production data were obtained in the laboratory studies with M. laminosus reported here.
A several-fold improvement in the conversion efficiency of H2 production can be expected if the H2 consumption activity is regulated or inhibited. Since bacterial hydrogenases (18) and the hydrogenase from A. cylindrica are inhibited by carbon monoxide (11), CO was used with an N2-limited culture of M. laminosus in an attempt to obtain an enhancement in net H2 production. However, 11% CO did not increase H2 evolution (Fig. 5) , and DCMU stimulation was also observed in the presence of CO. Lower concentrations of CO also had no effect in H2 consumption experiments. To increase H2 production by this alga, another method of controlling H2 consumption activity must be found.
